Background: Reduced sleep has been reported to predict obesity in children and young adults. However, studies based on selfreport have been unable to identify an association in older populations. In this study, the cross-sectional associations between sleep duration measured objectively and measures of weight and body composition were assessed in two cohorts of older adults. Results: Compared to those sleeping an average of 7-8 h per night, and after adjusting for multiple risk factors and medical conditions, a sleep duration of less than 5 h was associated with a body mass index (BMI) that was on average 2.5 kg/m 2 (95% confidence interval (CI): 2.0-2.9) greater in men and 1.8 kg/m 2 (95% CI: 1.1-2.4) greater in women. The odds of obesity (BMI X30 kg/m 2 ) was 3.7-fold greater (95% CI: 2.7-5.0) in men and 2.3-fold greater in women (95% CI: 1.6-3.1) who slept less than 5 h. Short sleep was also associated with central body fat distribution and increased percent body fat. These associations persisted after adjusting for sleep apnea, insomnia and daytime sleepiness. Conclusions: In older men and women, actigraphy-ascertained reduced sleep durations are strongly associated with greater adiposity.
Introduction
Obesity has become a global epidemic. The prevalence of adult obesity in the United States has more than doubled from 15% in the late 1970s to 31% by 2000. 1 Parallel to the increase in weight has been a reduction in sleep times. Only 35% of American adults reported obtaining 8 h of sleep in 1998 and that number had further fallen to 26% by 2005. 2 Multiple studies of children and young adults have observed an association between reduced sleep time and increased weight, suggesting that those who report sleeping less are more likely to be obese. [3] [4] [5] [6] However, critical reviews of this literature have pointed out substantial weaknesses in this evidence including the overwhelming reliance on selfreport for sleep duration, inadequate length of monitoring when objective measurements of sleep were performed and inadequate control for important potential confounders such as sleep apnea and depression that can adversely impact both sleep duration and weight. [7] [8] [9] In addition, several studies have suggested that the association between short sleep and obesity does not exist or weakens at older ages. 10, 11 However, the reliance on self-report to assess sleep duration may lead to substantial misclassification, particularly in older populations where sleep disorders such as insomnia and sleep apnea are common leading to misperception of time spent asleep. A recent study using objective measurement of sleep duration over multiple nights in the elderly did find a strong association between reduced sleep and obesity, while no association was found in this same cohort when reduced sleep was defined based on self-report. 12 The prevalence of obesity in those over 60 is similar to the overall adult prevalence. 13 Older populations also suffer from a high prevalence of diabetes, hypertension and heart disease, conditions which are causally linked to, or exacerbated by, obesity. Furthermore, sleep difficulties increase in prevalence with age making reduced sleep durations potentially much more common in this group. Using cross-sectional data derived from two multi-center observational studies in older populations, we performed one of the first assessments of the relationship between objectively measured sleep duration and obesity in an older population with detailed evaluation of whether any identified association is independent of sleep apnea, daytime sleepiness and insomnia. For both studies, individuals were not eligible to participate if they reported bilateral hip replacement or required the assistance of another person in ambulation at the baseline examination. Details of the cohorts have been published. [14] [15] [16] The protocol for MrOS and SOF were approved by the institutional review boards at all of the participating institutions. All participants provided written informed consent. While wearing the actigraph, participants completed sleep diaries, which included time into and time out of bed and times the actigraph was removed. This information was used in editing the actigraphy data files to set intervals for when the patiant was in bed, and to delete time when the actigraph was removed from analyses. Actigraphy is most accurate in distinguishing wake from sleep at night; thus, nocturnal sleep duration (amount of sleep obtained between time to bed and time out of bed) was used as the primary measure of sleep duration (averaged across all nights of measurement). Inter-scorer reliability for this measure has been previously found to be high in our group (intra-class coefficient ¼ 0.95) and this measure has been shown to have good concordance with total sleep time from polysomnography. 12, 21 Nocturnal sleep duration was categorized into o5, 5 to o7, 7 to o8 and X8 h. Secondary analyses were conducted using the total amount of sleep across a 24-h period from 0900 to 0900 hours, again averaging over all days of measurement. Because few patients had a 24-h sleep time below 5 h when napping was included, the categories used for these analyses were o6, 6 to o7, 7 to o8 and X8 h. . Circumferences at the hip and waist were also measured in a standardized manner for all men in MrOS and for the subset of women in SOF who underwent polysomnography (see below). In the MrOS cohort, percent body fat and percent lean mass were obtained for the entire body as well as specific to the trunk using dual energy X-ray absoptiometry (Hologic QDR-4500 W, Bedford, MA, USA).
Materials and methods

Study population
Sleep duration
Covariates
All participants completed questionnaires, which included items about demographics, medical history, physical activity, smoking and alcohol use. Caffeine consumption was estimated based on self-report of the average daily number of cups of caffeinated coffee and tea or cans of caffeinated soda consumed. Participants were asked to bring in all current medications used within the preceding 30 days. All prescription medications were entered into an electronic database and each medication was matched to its ingredient(s) based on the Iowa Drug Information Service Drug Vocabulary (College of Pharmacy, University of Iowa, Iowa City, IA, USA). 22 The Geriatric Depression Scale (GDS) was used to assess depressive symptoms, and the standard cutoff of six or more symptoms was used to define depression. 23 In
MrOS, the level of activity was assessed using the Physical Activity Scale for the elderly, 24 whereas in SOF, physical activity was assessed by asking women if they walked for exercise. Self-reported information about sleepiness was assessed using the Epworth Sleepiness Scale (ESS). 25 An ESS 410 was used to define excessive daytime sleepiness. 26 The Pittsburgh
Sleep Quality Index (PSQI) was used to assess sleep quality. 27 Insomnia was defined as either taking more than 30 min to fall asleep or waking up in the middle of the night three or more times a week based on responses to the PSQI. In-home sleep studies using unattended polysomnography (SOF: Siesta unit; MrOS: Safiro unit; Compumedics, Abbotsford, Australia) were performed in 2956 MrOS participants and a subset of 461 women in SOF recruited from two clinical centers (Minneapolis and Pittsburgh). The recording montage was identical and included C3/A2 and C4/A1 electroencephalography, bilateral electrooculography, submental electromyography, thoracic and abdominal respiratory effort, airflow (nasal-oral thermocouple and nasal pressure), finger pulse oximetry, electrocardiography, body position and bilateral leg movements. Sleep staging was carried out using standard criteria. 28 Apneas were defined as a complete or almost complete cessation of airflow for more than 10 s. Hypopneas were defined as a 430% reduction in amplitude of either respiratory effort or airflow for more than 10 s associated with a X3% oxygen desaturation. The apnea hypopnea index (AHI) was computed as the average number of apneas and hypopneas per hour of recorded sleep. An AHI X15 was used to define moderate-to-severe sleep apnea. 29 
Statistical analyses
Each cohort was analyzed separately but in parallel manner. Baseline characteristics were summarized by category of sleep duration at night and differences were compared using analysis of variance for normally distributed continuous data, Kruskal-Wallis tests for continuous skewed data and w 2 tests for categorical data. Multivariate regression models were used to assess the independent relationship between sleep duration measures (average sleep duration at night and average sleep duration over 24 h) with each of the weight-related outcomes using linear regression for continuous outcomes and logistic regression for the dichotomous outcome of obesity. Covariates were selected based on being associated with both sleep duration and obesity in prior studies. All models included study site, age, race (Caucasian vs non-Caucasian), level of education (o12, 12-16, 416 years), history of diabetes, stroke, heart disease (angina, myocardial infarction, heart failure, coronary revascularization procedure or pacemaker placement), use of antidepressants, use of benzodiazepines, smoking status (never, past, current), alcohol consumption (continuous), caffeine consumption (continuous), current depression (by GDS) and level of physical activity (continuous in MrOS and dichotomous in SOF) as covariates. Additional analyses adjusted for AHI to control for sleep apnea severity. Evidence for effect modification was assessed by stratifying analyses based on sleepiness or insomnia symptoms as well as by assessing the significance of an interaction term with sleep duration. All analyses were performed using SAS statistical software (version 9.1, SAS Institute Inc., Cary, NC, USA).
Results
A total of 3055 men (mean age 76.4 years) and 3052 women (mean age 83.6 years) had actigraphic data of sufficient quality to be included in these analyses (98 and 95% of the sample studied respectively). On average, nocturnal sleep duration (mean±s.d.) was 384±74 min for the men in MrOS and 405 ± 78 min for the women in SOF. In these elderly cohorts, mean sleep duration was similar on weeknights vs Table 1 and for women in  Table 2 . Among both men and women, short sleepers (o5 h) were more likely to have co-morbidities. Antidepressant use was more common among both short and long sleepers. Among men, short sleep was associated with lower levels of education and greater rates of cigarette smoking. In both genders, short sleep duration was associated with increased prevalence of sleep apnea and symptoms of sleepiness. In contrast, no clear association was found between sleep duration and insomnia symptoms.
In both men and women, mean BMI was greatest in those sleeping the least (Figure 1) Results from men in MrOS, for whom dual energy X-ray absoptiometry measures of total and body regional fat were obtained, suggested the increases in these measures were due to increases in fat mass (Figure 3 ). Percent body fat was 1.7% (1.1, 2.4) greater and percent body fat in the trunk was 1.9% (1.1, 2.7) greater in those sleeping less than 5 h compared to Table 1 Demographic characteristics among men in the MrOS cohort by sleep duration In fact, the relationship between percent body fat and sleep duration exhibited a U-shaped association such that compared to those with 7-8 h of sleep, men sleeping 8 h or more had 0.9% (0.1, 1.7) greater overall percent body fat (P ¼ 0.03) and 1.2% (0.3, 2.1) greater percent body fat in the trunk (P ¼ 0.01). Short sleep durations were also associated with increased likelihood of obesity (Table 3 ). Relative to those sleeping 7-8 h, men sleeping less than 5 h were 3.7 (2.7, 5.0) times more likely to be obese and women sleeping less than 5 h were 2.3 (1.6, 3.1) times more likely to be obese. The odds ratios (ORs) for obesity associated with sleeping 5-7 h were 1.5 (1.2, 1.9) and 1.3 (1.0, 1.6) for men and women, respectively.
To assess whether the association between sleep duration and obesity was explained by sleep apnea, secondary analyses were performed adjusting for AHI (Table 3) . Among men, the odds of obesity increased 1.4-fold (1.3, 1.5) with every 10 unit increase in AHI. Adjusting for AHI attenuated the association between short sleep and obesity by 18%; however, a significant association persisted. Sleep duration and obesity SR Patel et al due to the limited number of sleep studies performed, the patterns were very similar in women (that is, the association between short sleep and obesity was attenuated by 14% after adjusting for AHI).
Among men, neither daytime sleepiness nor insomnia symptoms were associated with obesity after controlling for sleep duration. Stratified analyses found similar associations between short sleep and obesity in men with and without excessive daytime sleepiness and with and without insomnia ( Table 4) . Among women, sleepiness was also not associated with obesity but insomnia was an independent predictor with an OR of 1.3 (1.1, 1.6). In stratified analyses, the association between short sleep and obesity appeared stronger among women with daytime sleepiness and women with insomnia. However, formal statistical testing of an interaction between daytime sleepiness and sleep duration or insomnia and sleep duration was not significant. women with a 24-h sleep duration less than 6 h compared to 7-8 h (Po0.0001 for men and Po0.001 for women). The ORs for obesity in those sleeping less than 6 h relative to those sleeping 7-8 h were 2.4 (1.8, 3.2) and 1.7 (1.2, 2.4) in men and women, respectively. The association between nocturnal sleep duration and obesity measures was similar when restricted to data obtained on weeknights (data not shown).
Discussion
In both the MrOS and SOF cohorts, we found that older men and women with reduced amounts of sleep as measured by actigraphy had an elevated BMI. Sleeping 5 or fewer hours per night was associated with a 3.7-fold greater odds of obesity among men and 2.3-fold increase among women compared to those sleeping 7-8 h per night. Sleep disturbances are extremely common in older populations. Epidemiologic data indicate that 12-54% of older individuals report symptoms of sleep difficulties on a consistent basis. 30, 31 As a result, any causal relationship between disrupted sleep and obesity would have substantial importance from a public health standpoint. Not only was short sleep duration associated with increased BMI, it was associated with an increased fat mass, 
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< 5 hrs 5 -< 7 hrs 7 -< 8 hrs . 8 hrs Figure 3 Association between percent body fat and sleep duration among older men. The adjusted mean percent fat mass with 95% confidence interval for whole body and trunk by nocturnal sleep duration in male participants of the Osteoporotic Fractures in Men Study. Analyses are adjusted for study site, age, race, level of education, smoking status, alcohol and caffeine consumption, use of benzodiazepines and antidepressants, depression, physical activity, history of diabetes, heart disease and stroke.
Sleep duration and obesity SR Patel et al supporting a role for chronic sleep restriction in obesity pathogenesis. Furthermore, reduced sleep was associated with increased waist circumference and truncal fat, suggesting an association with central abdominal fat, the fat depot most strongly associated with diabetes and cardiovascular morbidity. [32] [33] [34] Although our results suggest a stronger association between short sleep and obesity in men, direct comparison is not possible as the women (SOF cohort) were nearly a decade older than the men (MrOS cohort). Sleeping more than 8 h was also associated with increased truncal and total body fat in the MrOS cohort. In addition, a similar (but nonsignificant trend) towards a U-shaped association between sleep duration and obesity risk, BMI, waist and hip circumferences was found in MrOS. In contrast, an inverse linear association appears to exist between sleep duration and adiposity measures in the SOF cohort. This difference in patterns may be due to gender differences in susceptibility to altered sleep habits as has been suggested in some recent studies, 35, 36 but again, this may also reflect differences in age or other factors between the two cohorts. Our findings suggest a strong association between reduced sleep times and obesity in older populations. This study is one of the first analyzing the relationship between sleep duration and obesity to use actigraphy in order to objectively measure sleep duration and to do so in older adults. In the vast majority of previous studies on the association between sleep and adiposity, sleep duration has been assessed on the basis of self-report. The validity of self-report is unclear. It has been argued that questions about usual sleep time may measure overall health rather than sleep duration itself. 37 Evidence for systematic bias in self-reported sleep questions exists as responses overestimate the amount of sleep compared to measurements made by actigraphy or polysomnography. 38, 39 Our findings stand in contrast to previous reports on the relationship between sleep and obesity in older populations. Data from the National Health and Nutrition Examination Sleep duration and obesity SR Patel et al Survey (NHANES I) suggested that although obesity was associated with reduced self-reported sleep durations in younger adults, no relationship existed in those over the age of 50 years. 10 A European population-based telephone surveys of adults over the age of 55 years found that obesity was not an independent predictor of self-reported sleep duration. 11 In contrast, our results are very similar to those from a recent study of 983 older Dutch adults that also used actigraphy to quantify sleep duration. 12 Averaging across men and women, sleeping less than 5 h was associated with a 1.6 kg/m 2 greater BMI and a 2.8 greater odds of obesity in that cohort. Our study is also the first in the field to formally assess sleep apnea severity and to assess the relationship between sleep duration and obesity independent of this factor, which may lead to a causal relationship in the opposite direction (obesity predisposes to sleep apnea, which causes reduced sleep durations). Sleep apnea is highly prevalent in older adults, 40 and associated with both reduced sleep times and obesity. 41, 42 Previous research has ignored this explanatory pathway or attempted to address it by the use of data on selfreported snoring or previous physician diagnosis of sleep apnea. 43, 44 However, these measures are insensitive and do not capture severity of sleep apnea. In these analyses, particularly in men, we were able to show a modest attenuation of the association between reduced sleep and obesity after adjusting for sleep apnea severity suggesting a portion of the association can be explained by this pathway. However, we demonstrated a significant association between short sleep and obesity persisted after controlling for AHI or after restricting analyses to those without significant sleep apnea. Sleep duration may vary in association with many underlying risk factors and medical and psychiatric conditions. Standardized collection of a broad variety of data allowed us to adjust for factors such as depression, physical activity, medication use and chronic illnesses. We extended previous findings by systematically assessing the consistency of associations in groups with and without insomnia and with and without sleepiness. In men, only minor differences in the magnitude of association between short sleep and obesity were observed regardless of reported sleepiness or insomnia symptoms. In contrast, larger effects were suggested among women with sleep symptoms. The significance of these differences, however, was not supported by finding a statistically significant interaction term, and overall, our findings suggest that the effect of sleep deprivation on weight regulation is likely to be independent of the etiology of the reduced sleep (for example, insomnia vs voluntary curtailment of sleep).
It has been reported in an elderly cohort where sleep was based on self-report that while a short nighttime sleep duration is associated with obesity, the obese are more likely to take daytime naps so that overall sleep duration for a 24-h period is not associated with obesity. 45 In contrast, in this study using actigraphy to assess sleep duration, reduced nighttime sleep duration and reduced 24-h sleep duration were both associated with elevated BMI. Our study has many strengths, including large cohorts of men and women, objective measures of sleep duration using actigraphy, comprehensive assessments of BMI and body composition, and collection of important covariates such as severity of sleep apnea. Several limitations should also be recognized. We cannot exclude the potential for selection bias as the frailest subjects in the parent cohorts were probably less likely to participate in the sleep assessments. In addition, because this work is cross-sectional, a causal direction cannot be definitively established. However, experimental work has confirmed that sleep deprivation can have metabolic effects that may be relevant to weight homeostasis. Two nights of sleep restriction to 4 h per night has been found to lead to reductions in circulating leptin, elevations in ghrelin and increases in self-report of hunger and appetite. 46 Sleep disruption and reduced sleep times are highly prevalent in older populations. In fact, it is commonly suggested that reduced sleep is a normal part of aging. Our data would suggest that reduced sleep is associated with obesity in older cohorts to a similar extent as that observed in children and younger adults. Given the greater prevalence of obesity-related complications, including diabetes, cardiovascular disease and cancer, the importance of ensuring adequate sleep may actually be more important from a morbidity standpoint in this age group. Our work underscores the need for further research including longitudinal studies with repeated measures of both sleep and weight over time as well as interventional studies where sleep duration is manipulated to better define whether poor sleep predisposes to adverse metabolic consequences in older populations. 
